ABSTRACT This paper addresses a local minima problem for multiple unmanned aerial vehicles (UAVs) in the process of collision avoidance by using the artificial potential field method, thereby enabling UAVs to avoid the obstacle effectively in 3-D space. The main contribution is to propose a collision avoidance control algorithm based on the virtual structure and the ''leader-follower'' control strategy in 3-D space that can avoid the obstacle effectively and then track the motion target. The three UAVs constitute the regular triangular formation as the control object, the virtual leader flight trajectory as the expected path, the obstacles as the simplified cylinders, and the artificial potential fields around them as approximately spherical surfaces. The attractive force of the artificial potential field can guide the virtual leader to track the target. At the same time, the follower tracks the leader to maintain the formation flight. The effect of the repulsive force can avoid the collision between the UAVs and arrange the followers such that they are evenly distributed on the spherical surface. Moreover, the follower's specific order and position are not required. The collision path of the UAV formation depends on the artificial potential field with the two composite vectors, and every UAV may choose the optimal path to avoid the obstacle and reconfigure the regular triangular formation flight after passing the obstacle. The effectiveness of the proposed collision avoidance control algorithm is fully proved by simulation tests. Meanwhile, we also provide a new concept for multi-UAV formation avoidance of an obstacle.
I. INTRODUCTION
With the rapid development of the computer, sensor and communication technology, a multi-UAV formation control system in the three-dimensional space has become the subject of extensive research and has a very important engineering application value, including scientific research, transportation, geological exploration, and the implementation of various safety measures to achieve the desired outcome [1] - [3] .
Many formation structures, as well as different strategies and control algorithms, have been proposed by scholars in the multi-UAVs formation control system; the primary strategies include the ''leader-follower'' strategy, the behavior-based strategies, the virtual structure, and the collision avoidance of the UAV formation based on consensus control algorithm. Each of these methods has its own advantages and disadvantages. In the ''leader-follower'' method, any one UAV can be named as the leader, with the remainder of the UAVs acting as followers; the disadvantage of this control method is that there is no real-time feedback between the follower and the leader. For example, a distributed control scheme with distributed estimators was proposed by Hu and Gang [4] . The multi-UAV formation system can be realized by only knowing the distance between the leader and the followers in the noisy environment. In [5] , the position of the leader and the formation of the structure are achieved without knowledge of the velocity and the dynamic model of the leader. In fact, in the ''leader-follower'' method, the virtual leader may replace the real leader; this situation represents one of the virtual structures. The followers accept the virtual leader task planning instructions to take the corresponding maneuvers. The main disadvantage of the ''leader-follower'' method is that there is no feedback information between the UAVs due to the distributed layout; thus, the probability of the collision between UAVs will increase. In the behavior-based method, the maneuver of every UAV is controlled by its own weighted average and the desired trajectory [6] . In the virtual structure, the UAV formation system is treated as a rigid body, and every follower is controlled by the defining the dynamics of the virtual leader to make them into the predetermined virtual formation. In [7] , according to the structure and dynamics model of the UAV formation, a combination of the virtual structure and the optimal path control strategy was applied to the formation architecture control, which can achieve the collision avoidance with the optimal path. The disadvantage of the virtual structure is that its implementation is the more centralized, namely, any one UAV failure will cause the whole system to fail. In [8] , aiming at the measurement error of the UAV position sensor and the delay between the UAVs, a combination of the Lyapunov technique and graph theory was proposed to apply to the virtual structure; this approach can recover formation quickly after the collision avoidance. The consensus-based algorithm for the UAV cooperative formation control is a type of distributed control method that has the advantage of having network structure flexibility [9] - [14] and achieves the multi-channel integrated control obstacle avoidance. The key problem of the multi-agent system obstacle avoidance control is how to apply a consensus-based algorithm to cope with it well [15] - [17] .
To effectively address the obstacle avoidance problem, this study proposes a consensus-based collision avoidance algorithm based on the improved artificial potential field. The main contributions of this study, relative to other works, are as follows:
1) In the study of the UAV collision avoidance problem, the artificial potential field method is a common application algorithm because of its advantages of being simple, practical and of high engineering practicality. A common problem with the artificial potential field method is the existence of local minima between the UAV formation system, the obstacle and the motion object; that is, when the UAV is close to the obstacle, the repulsive force is in the opposite direction of the UAV movement. At the same time, the UAV stays at the minimum and cannot reach the final target location [18] - [20] . A possible solution to this problem is to add the outside disturbance in the vertical direction or horizontal direction to break this balance. In this paper, we address a local minima problem for multiple unmanned aerial vehicles in the process of the collision avoidance by using the artificial potential field method, thereby enabling UAV avoid the obstacle effectively in three-dimensional space.
2) In this paper, the velocity of the UAV can maintain in a stable state, especially in the multi-UAV system. Gupte et al. [19] proposed a method of combining the artificial potential field and the electrostatic field that causes the UAV to eliminate the local minimum points in the process of the obstacle avoidance. However, this method has the limitation that the UAVs are navigated to avoid the obstacle by the artificial potential field around the stationary obstacle. In recent years, many control algorithms have been proposed by authors for the multi-UAV formation in the two-dimensional plane to follow and track the target point. In the process of the UAV collision avoidance, the control algorithm can ensure the UAV formation system maintains good stability and robustness [21] . Moreover, the UAV formation tracking motion target, the controller design is a key factor [22] . For example, the UAV can avoid the obstacle with a smooth corner and the optical path and track the motion the target to reach the target point. Moreover, some scholars proposed the UAV cooperative formation model predictive control method and studied the collision avoidance for any shape and size of obstacles that supplement and optimize the obstacle avoidance theory of the UAV formation system. The proposed collision avoidance control algorithm based on the virtual structure and the ''leader-follower'' control strategy that can avoid the obstacle effectively and then track the motion target.
3) The multi-UAV formation system predicts the motion target trajectory, avoids the obstacle, and then completes the target of tracking the movement; this is a complex process and one of the core issues to be solved. In the paper, the obstacle avoidance with the artificial potential field is easy to be trapped in local minima, an artificial potential field with an integrated vector in the three-dimensional space is proposed for application to the UAV formation. The defined leader of the UAV formation is located in the geometric center of the UAV formation structure, with the remainder of the UAVs as followers, which consist of UAVs in the regular triangle formation. The follower follows the leader and tracks the motion target until reaching the target point in the threedimensional space. The UAV formation will approach the motion target position by the attractive force generated by the target. The attractive force causes the UAV to maintain the desired relative distance between UAVs. The motion trajectory of each UAV is the result of the resultant force of the attractive of the leader and the repulsive fields of its neighbors. The artificial potential field with the three-dimensional space vector around the obstacle is composed of two types of the potential field: the artificial potential field parallel to the x − y plane and the artificial potential field parallel to the y − z plane. Each type of field has two rotational vector directions: clockwise and counterclockwise. The proposed artificial potential field with an integrated vector can ensure good stability and robustness after the collision avoidance. Moreover, the rotation vector field can adjust the direction of the UAV movement if the UAV formation is close to the obstacle to avoid the local minima position. At the same time, the UAV formation system can choose the optimal path to avoid the obstacle and reconfigure the formation tracking of the motion target. This paper is organized as follows. In Section II, we build the point mass dynamic model of UAV and introduce the classification of UAV formation flight control system, including the inner loop control system and the outer loop control system. In Section III, we build the model of UAV formation and design the collision avoidance control strategies of UAV, including the collision avoidance of every UAV and the control strategy of the virtual leader. In Section IV, we focus on analyzing the stability of the whole process of collision avoidance for the UAV formation. In Section V, we study the collision avoidance of UAV, including the collision avoidance method of UAV and the collision avoidance path optimization of UAV based on an improved artificial potential field. In Section VI, the effectiveness of the proposed the collision avoidance control algorithm is fully proved by semiphysical simulation platform. Finally, the concluding remarks are stated in Section VII.
II. UAV MODEL
In this paper, the regular triangle UAV formation consists of three UAVs and a virtual leader, which is taken as a control object; the three UAVs are followers in the three vertices of the regular triangle, and the virtual leader is in the triangle geometric center. The UAV dynamical equations in three-dimensional space can be described by the point mass model as follows:
where T is the engine thrust, g is the gravitational acceleration, m is the mass of the UAV, Dis the damping coefficient, L is the the lift force of the UAV, α n is the attack angle, β n is the heading angle, δ n is the banking angle, and V is the air speed. The dynamics model of a UAV is shown in Fig. 1 :
The UAV coordinate system model.
The UAV cooperative formation flight is divided into two types of control systems: the inner loop control system and the outer loop control system. The input signals of the inner loop control system are the engine thrust T , the lift force L and the banking angle δ n . The output signals of outer loop will control the UAV to make the corresponding maneuver through the sensor feedback to the actuator. The nonlinear dynamics model (1) of the UAV can be pre-linearized using feedback linearization according to Eq. (2):
where µ x , µ y , µ z is the virtual acceleration, as control inputs. The virtual control input signals are defined by the linear model (2) . The real control inputs are obtained by the following equation (3):
where tan β n =ẏ ẋ and sin α n =ż n V n .
III. UAV FORMATION CONTROL
The regular triangle UAV formation consists of three UAVs and a virtual leader, which is taken as a control object; an improved artificial potential field algorithm is applied to the UAV formation control to achieve collision avoidance in three-dimensional space. The formation model is shown in Fig. 2 :
The UAV formation control model structure.
A. COLLISION AVOIDANCE CONTROL ALGORITHM
The motion trajectories of every UAV in the formation are the integrated result of the control force of the two vectors. The integrated control force consists of two components, as shown in the following Eq. (4):
where the first component F na represents the attractive force of the artificial potential field, which can ensure that the UAV formation structure remains unchanged, and then control the 78344 VOLUME 6, 2018
UAV to reach the spherical surface whose center is the virtual leader. F na can be expressed as:
where
where (x l , y l , z l ) represents the coordinates of the leader, and k s represents the gain coefficient. The second component F r represents the resultant force of the repulsive force of UAV and can ensure that every UAV is evenly distributed on the spherical surface. Every UAV has a positive or negative charge, the UAVs with the same charge are repulsive to each other, and UAVs with unlike charges are attracted to each other. The control force can keep the UAVs evenly distributed on the spherical surface, whose center is (x l , y l , z l ) and radius is r a . The UAV is in a state of equilibrium if the resultant force of repulsive forces of the UAVs is tangent to the spherical surface, at the same time, the resultant force of the UAV is zero. In other words, the relative distance between any two UAVs is equal and constitutes a regular triangular formation. The three components' expression of attractive force can ensure that every UAV is evenly distributed on the spherical surface. k s represents the gain coefficient, the UAV is in a state of equilibrium by adjusting its value. Moreover, the relative distance between any two UAVs is equal and constitutes a regular triangular formation. In addition, F n is tangent to the spherical surface. The repulsive force of the UAVs is defined as follows:
where q n represents the electric quantity of the nth UAV, q r represents the electric quantity of the rth UAV, k r represents the repulse constant coefficient, r nr represents the relative distance between the nth UAV and the rth UAV. There are N (N = 3) UAVs in the UAV formation; thus, the resultant force of the nth UAV from any UAV is shown in Eq. (8):
The repulsive force of every UAV can be decoupled into the sub-repulsive of three coordinate axes, as shown in Fig. 3: where p is the initial position of the UAV, P denotes the position of UAV after a move, Q 2 is the projection of p on the X 0 − O − Y plane, and Q 3 is the projection of P on the 
and
From the above Eqs. (9) and (10), we obtain that the repulsive force F r of the UAV is proportional to 1 r ni , and then the UAV can avoid an obstacle by choosing the appropriate repulsive force. In Eq. (11), the control force F xn , F yn , F zn leads the UAV toward the spherical surface to the equilibrium position.
B. CONTROL STRATEGY OF THE VIRTUAL LEADER
In the process of the UAV formation flight, the motion trajectory of the virtual leader as the desired path, the follower tracks the leader to constitute a regular triangle formation, and then the attractive force of the target leads the leader toward the target point. The position of the leader is p l = (x l , y l , y l ), VOLUME 6, 2018 and the position of the target is p t = (x l , y l , y l ). The attractive force of the UAV is as follows:
where k t is the positive constant. d lt indicates the relative distance of the virtual leader and the target.
, and r t indicates that the target is reduced to the radius of the sphere.
By controlling the damping force of leader, the UAV formation system can achieve the purpose of the collision avoidance if the leader is close to the target and the relative speed between them increases. The definition of damping force is shown in Eq. (14):
where k m indicates the positive coefficient; every UAV is the resultant force of the attractive force and the damp force, as shown in Eq. (15): (15) Though the above analysis, the optimal control of a single UAV and the virtual leader can ensure the security of the UAV formation system collision avoidance and choose the optimal path to reach the target point.
IV. STABILITY ANALYSIS
The UAV formation system goes through a dynamic process from the loose formation to the close formation to the collision avoidance and then to the final UAV formation; the stability of the UAV formation system is very important because it is directly related to the collision avoidance success or failure, which is of one of the key factors. This section is focused on analyzing the stability of the whole process of collision avoidance. When UAV is evenly distributed on the spherical surface, and then the UAV is in the equilibrium state with the artificial potential field; namely, the resultant force of repulsive force is zero. Hence, the effect of repulsive force is ignored. The repulsive force to the stability of the closed loop system, relative to the attractive force, is important. Firstly, the resultant force of repulsive force can make UAV formation evenly distributed on the spherical surface; secondly, it can ensure a regular triangular formation. This paper considers a regular triangular UAV formation consisting of three fixed-wing UAVs, including a leader and two followers. The UAV is in the equilibrium state if a single UAV is located on the spherical surface with the artificial potential field around the obstacle; that is, the resultant force of repulsive forces is zero. When the UAV is in motion on the spherical surface whose center is (x c , y c , z c ) and radius is r a , it is in a stable state; that is, the velocity of the UAV is zero.
Lemma The desired trajectory of the UAV is satisfied by the following condition Eq. (16)
where (x, y, z) = (x c , y c , z c ) and l r indicates the relative distance of the UAV and the center of the sphere.
Proof:Suppose that the UAV is located on the spherical surface, so r 2
into Eq. (6).
Here, ϕ and θ are shown in fig. 3 . Eq. (17) is given by:
When the UAV is located on the spherical surface, it is obvious that r = r a ; similarly,φ andθ converge to zero. To prove the stability of motion on the spherical surface, we define ε = r − r a and choose the Lyapunov function, as shown in Eq. (18):
The derivate of Eq. (18) is given by:
Substituting ε = r−r a and Eq. (17) into Eq. (19), we obtaiṅ
When (x, y, z) = (x c , y c , z c ), it is obvious that for r > 0, we obtainẆ (ε) ≤ 0. When r = r a , it is obvious thaṫ W (ε) = 0. Whenθ = 0,φ = 0 and W (ε) is bounded, the velocity of the UAV is indirectly convergent.
V. COLLISION AVOIDANCE STRATEGY OF UAV
In the operational mission process of the UAV formation, the collision avoidance is one of the key factors. In this paper, it is the core of the proposed avoidance algorithm that the UAV can rapidly achieve the collision avoidance with the optimal path, and then form the triangle formation. Thus, an integrated artificial potential field with rotation vector is proposed to solve this problem in the paper. In this section, the two types of control algorithms are proposed for single UAV and multi-UAV that can achieve the purpose of the collision avoidance.
A. COLLISION AVOIDANCE METHOD OF UAV
In the process of the tracking the virtual leader, the follower's trajectory is the key to designing the collision avoidance algorithm in three-dimensional space. Suppose that the obstacle seen by the UAV visual sensor is approximately a cylinder whose surface radius is r and height is h. In addition, suppose the artificial potential field around the cylinder is approximately ellipsoid. Suppose that the minimum volume of the artificial potential field is an ellipsoid. When the cylinder is completely covered by an ellipsoid, the artificial potential field can cover the obstacle. The geometry relationship of the artificial potential field and the obstacle is shown in Fig. 4 : where the ellipsoid represents the artificial potential field region, the cylinder represents the obstacle; o is the center of the ellipsoid, R is the radius of the ellipsoid, r is the radius of the upper or lower surface of the cylinder, h is height of the cylinder. Meanwhile, the artificial potential field region is minimum. The ellipsoid equation is given by
The collision avoidance using the artificial potential field mainly depends on the repulsive force. When the UAV is close to the obstacle, the repulsive force of UAV is in the opposite direction of its own motion speed, and the UAV will be in the local minimum position. To avoid the local minimum position, a three-dimensional integrated artificial potential field is proposed to drive the UAV to avoid this position. The artificial potential field with a three-dimensional integrated vector covers the ellipsoid and can avoid the obstacle with the optimal path. A three-dimensional integrated artificial potential field can be composed of two types of potential fields: one is parallel to the x − y plane of the potential field and the other is parallel to the y−z plane of the potential field. The diagram is shown in Fig. 5 : Fig. 5 shows that the collision avoidance trajectory of UAV is the result of superposition with the two rotation potential field vectors. The UAV can rapidly avoid the obstacle with the optimal path to form the triangle formation. Here, θ n and γ n are each affected by the two kinds of potential fields, as shown in Eq. (22):
The motion trajectory of UAV in the x − y plane projection curve is affected by the rotation vector of the artificial potential field. The rotation vector of the artificial potential field can be divided into two directions: the clockwise and the counterclockwise directions. The kinematics model of UAV in the x − y plane with rotation vector is given by Eqs. (23) and (24):
Similarly, the motion trajectory of UAV in the y − z plane projection curve is affected by the rotation vector of the artificial potential field. The rotation vector of the artificial potential field can be divided into two directions, including the upward direction and the downward direction. The kinematics model of UAV in the y − z plane with rotation vector is shown in Eq. (25) and (26):
B. COLLISION AVOIDANCE PATH OPTIMIZATION OF UAV
When the UAV enters the collision avoidance zone, the UAV can avoid the local minima position with the optimal path by using the collision avoidance control algorithm. In this paper, aiming at the collision avoidance of UAV, an optimization strategy is proposed. In addition, the single UAV, a multi-UAV formation system and the concept of the control force are presented in this section. When the UAV is close to the obstacle, the artificial potential field with rotation vector causes the UAV to bypass the obstacle with the desired path. The obstacle is simplified as a sphere whose minimum radius is r 0 , and the relative distance between the UAV and the obstacle can satisfy the following Eq. (27):
The control force of UAV is given by:
The relationships of the control force are as follows:
where the virtual leader control force is F desired = F xl , F yl , F zl , and every UAV control force is
The motion trajectory of UAV is affected by the artificial potential field with rotation vector; thus, the control force for the collision avoidance is given by:
where k o is the gain coefficient. The clockwise and counterclockwise schematic diagram of the artificial field vector in the x − y plane is shown in Fig. 6 : where ρ n is the angle between line linking the UVA and the center of obstacle and the positive direction of horizontal axis, x n indicates the artificial potential field vector, and φ n is the angle between the velocity of UAV the positive direction of horizontal axis. They can be obtained as follows:
The direction of the rotation vector field around the obstacle is divided into two cases: the rotation vector field is in the clockwise direction if φ n ≥ ρ n and the rotation vector field is in the counterclockwise direction if φ n < ρ n .
The upward and downward schematic diagram of the artificial field vector in the y − z plane is shown in Fig. 7 : Where ϑ n is the angle between the line linking the UVA and the center of obstacle and the positive direction of horizontal axis, ζ n indicates the artificial potential field vector, and γ n indicates the velocity direction of the UAV. They can be obtained as follows:
The direction of the rotation vector field around the obstacle is divided into two cases: the rotation vector field is in the upward direction if γ n ≥ ϑ n and the rotation vector field is in the downward direction if γ n < ϑ n . When the UAV formation system is close to the obstacle or approaches the obstacle while the UAV takes the collision avoidance action, it can be obtained the collision avoidance control force by comparing the size relationship between |γ n − ζ n | and |φ n − χ n |. The collision avoidance control force is as follows:
The collision avoidance control force of the UAV formation system can be normalized:
VI. SIMULATION RESULTS
The UAV formation system is composed of the four UAVs, including three UAVs and a virtual leader. The process of the transmission information is bidirectional. The obstacle is simplified as a cylinder, and the surrounding artificial is approximately ellipsoid. The UAV formation can achieve the collision avoidance by using the proposed control algorithm with a three-dimensional integrated artificial potential field. Based on the model of the UAV formation and the proposed control algorithm, we can obtain the simulation curves in different situations, as shown in Figs. 8 to 13:
The collision avoidance diagram of a single UAV in the x − y plane artificial potential field.
FIGURE 9.
The whole process diagram of a UAV from loose formation to close formation. Fig. 8 shows that the collision avoidance diagram of the UAV is parallel to the x − y plane with the clockwise artificial potential field. The initial position of the UAV in the figure is (0,2,0) , and the center of the obstacle is (40, 10, 6) . Suppose that the general situation of the artificial potential field is shielded; that is, the input control force disappears while the UAV moves toward the center of the obstacle, and then it will stay in the local minimum position. At the same time, the UAV is in balance by the resultant of the repulsive force the obstacle generated and the attractive force VOLUME 6, 2018 the target generated. When adding parallel to the x − y plane clockwise artificial potential field, the effect of the control force can avoid the local minimum position and lead the UAV toward the obstacle movement. Similarly, the application of the parallel to the x − y plane counterclockwise artificial potential field, the application of the parallel to y−z the plane upward direction artificial potential field and the application of the parallel to the y − z plane downward direction artificial potential field can all avoid the local minima point. Fig. 9 shows that the UAVs are assembled into the regular triangular formation process. The initial position of the three UAVs and a virtual leader are respectively (2,2,6), (−10,2,7), (20,0,5), and (20,10,10). Based on the UAV formation dynamics Eq. (3) and the input control force Eq. (28), the motion trajectory of the target is determined by Eq. (15), we can suppose, F xa = 8, F ya = 10 cos(1 8x v ) and F za = 2. As seen from the figure, the UAV 2 shows the trend of slight vibration and then the automatic adjustment to quickly recover the regular triangular formation. This shows that the UAV can automatically adjust and avoid the local minimum position around the obstacle regardless of the specific order and position of the UAV in the artificial potential field. Fig. 10 shows the comparison diagram of the UAV formation later distance error in the general artificial potential field and the artificial potential field with the rotation vector. By comparison, it is obvious that the UAV formation and the obstacle maintain a safe distance and continuously choose the optimal path of collision avoidance in the artificial potential field. The advantage of this method is that the amplitude of the lateral distance error between them is small, the dynamic response is fast and the formation is maintained. Fig. 11 shows the comparison diagram of the change of the UAV formation heading angle. From figure 13(a) , in the effect of artificial potential field, the UAV can perceive the target by the visual sensor and avoid the obstacle with the greatest safe distance. In addition, very small smooth turning with small amplitude occurs, and the vibration frequency of the curve is low, as the curve does not have a large peak or trough. The disadvantage of the collision avoidance is that the collision avoidance path is far, the fuel loss is high and the collision avoidance efficiency is low. From figure 13(b) , the UAV performs continuously smooth turning and chooses the optimal path the collision avoidance in the three-dimensional artificial potential field with rotation vector; that is, the UAV is basically close to the obstacle envelope movement and the curve represents the trend of the continuous equal amplitude vibration. This shows that the trajectory of UAV is tangent to the envelope of the obstacle in the case of maintaining the safe distance, and the heading angle presents the trend of the continuous small vibration.
Figs. 12 and 13 show that the UAV formation tracking motion target trajectory and the relative distance of between the UAV formation and the obstacles, respectively. The UAV formation system goes through a dynamic process from the loose formation to the close formation to the collision avoidance and then to the final UAV formation. From 12.5m to 40m, the obstacle and the UAV have same characteristics, the relative distance between them is constant, namely, it is 2.6m. From 40m to 80m, the relative distance between them decreases slowly because the UAVs avoid the motion target during this process.
VII. CONCLUSIONS
In the paper, an integrated artificial potential field in threedimensional space based on the virtual structure and a ''leader-follower'' control strategy was proposed to solve the problem that the UAV formation system becomes trapped in a local minimum position in the process of collision avoidance. A integrated artificial potential field is the resultant field of the two types of field with a rotation vector, including the potential field that is parallel to the x − y plane and the potential field that is parallel to the y − z plane, that can make the UAV avoid each local minimum position around the obstacle and bypass the obstacle with the rapid speed and the optimal path. The UAV assembles the formation flight after the collision avoidance. In the whole process of collision avoidance, the artificial potential field force leads the three UAVs and the virtual leader to maintain the regular triangular formation while driving the UAV formation toward the target point. The repulsive force of the artificial potential field can achieve the collision avoidance between the UAVs while avoiding the collision between the UAV and the obstacle and then achieve the purpose of avoiding the obstacle.
However, a collision between the UAVs may occur if the artificial potential field around the obstacle generated is weak or the speed of the UAV is too high, making this control algorithm ineffective and possibly even destructive. Therefore, a variety of factors should be considered when implementing the algorithm in engineering practice. 
